The types of collision studied in Ref.1) were (b) and (c) in Fig. 1 . Type (a) should also be investigated because the collision of type (a) is likely to occur between fully loaded ships, which means that the two ships have the greatest kinetic energy before collision.
Therefore, this paper deals with the collision of type (a) ; collision strength is investigated experimentally using ship's. side models, then a simplified method to predict the collision strength of a ship's side structure is proposed. ( 2 ) One ship collided against the other ship perpendicular to the side shell.
( 3 ) The bilge structure was damaged in the vicinity of the point of collision.
It did not collapse in its entirety.
( 4 ) The damage was not large in scale.
Only that type of damage in which the bow reached the inner hull (but which was not damaged), was considered.
The shaded part in Fig. 2 was modelled into two test models (B 1 and B 2).
In the B 1 model, stiffeners and openings in trans web plates, side stringers and side girders were ignored, where their effects were compensated by adopting equivalent thickness in the web plates.
In the B 2 model, the stiffeners and the openings were modelled in their own shapes.
Therefore, the B 1 model was more simplified than the B 2 model.
The details of the B 2 model are shown in Fig. 3 .
The material used in the construction of the models was mainly JIS SS 41 mild steel. Table 1 shows their tensile test results.
CO2 welding was used in the construction.
Both ends of the models were firmly fixed using rigid frames to simulate the fixity of transverse bulkheads.
The bulb part of a bow was used as a bow indenter since the bulb part meets the ship's side first as shown in Type (a) and (b) of Fig. 1 . The shape of the bulb indenter was simplified as shown in Fig. 4 , where the radius of the circle at the foremost part and the waterline incident angle were determined according to NKK's experience. The indenter was scaled by the same proportion as the bilge models and cast to the shape.
2 Test conditions and test procedures
The bilge models were fixed at the positions of the transverse bulkheads, and simply supported along the lines of side girders and side stringers. The bulb indenter was set to meet the middle part between the trans bulkheads, which was in the middle of the neighbouring web frames, at an angle of 45° as shown in Fig. 5 . In this condition, the tangential force at the collided position was not calculated for sake of simplicity of the tests.
The load was imposed statically using an oil jack.
The measurements were done on the The numbers in the figure indicate the measuring sequence. Five other curves on the points which correspond to the same position as the loaded point are also shown.
The state of the damage after the test is shown in Photo 1. The details of the destruction are outlined as follows.
The bilge shell in only the loaded web space deformed to a V shape until P 3. The webs adjacent to the loading point started buckling between P 3 and P 4. The deformed length of the bilge shell grew from one web space to three. The next one web on each side of the loading point started buckling around P 7, consequently the defomed length grew to five web spaces.
After that, the same pattern was repeated two more times. Finally, the deformation of the bilge shell reached the whole length of the model ; ie. one trans bulkhead length. Fig. 6 shows clearly the deformation development described above except for the Journal of The Society of Naval Architects of Japan, Vol. 158 first buckling phenomenon. Fig. 7 shows the longitudinal strain behavior measured on the bilge shell.
The longitudinal strain in each web space increased enormously when the neighboring web buckled. From this figure, it seems that the left web of the loading point and the right one buckled at P 3 and P 4, respectively.
The bow model touched the side girder and the side stringer around P 8 and P 12, respectively. The load increment at P 8 and P 12 (Fig. 6 ) seems to have occured for that reason.
After that, the deformed area of the bilge shell expanded gradually as the bow indented it. The side girder and side stringer were crushed by the direct action of the bow model. However, the webs which supported the side girder or side stringer hardly deformed. Consequently, at P 15, some cracks occurred at the intersections of the outer shell and the side girder, and the side stringer (see Fig. 8 ). The load wasn't decreased, though. At P 18, another crack occurred at the butt joint of the bilge shell. After that, the load kept its value till the end of experiment.
On the other hand, the inner hull plate hardly deformed until -P 12, then the bilge hopper plate began to deform locally. Fig. 9 shows the deformation of it at FR. 6 section.
2. 3. 2 Model B2 Fig. 10 shows the load and penetration relationship obtained from the test.
The longitudinal strain behavior on the bilge shell is shown in Fig.  11 . Photo 2 shows the state of the damage after the test.
The characteristics of the destruction were as follows :
The bilge shell deformed to a V shape supported by two center webs. Those two webs buckled during P 3 to P 4. The next webs on each side of the loading point began to buckle at P 9. The damage development was similar to that of the model B 1 until this point. At P 10, a crack occurred from FR. 6 of the bilge shell (see Fig. 12 ). It's length was 150200 mm. The crack length grew to 250 mm at P 11. The bilge shell ruptured accompanied with a loud noise during P 13 to P 14, and consequently the load was instantly decreased. The crack expanded along the whole breadth of bilge shell.
The load was then increased again at P 15. The crack advanced into the side girder and the bottom shell.
After that, the crack grew as the bow indented.
The inner hull plate began to deform at P 21 ;
the bow seemed to have reached it. At P 22, the deformation of the inner hull plate was increased On the other hand, the deformation of the inner hull plate was very small until the bow indented it directly. Fig. 13 shows its deformation at FR. 5 section.
3.
The method of analysis A simplified method to calculate a load-penetration curve was developed, based on the results of experiments.
A load-penetration curve could be used for estimating the maximum load and the amount of energy absorbed in a collision, which were the primary factors governing a collision strength. The present method was applicable as the bow was indenting the bilge shell until the point when it reached the inner hull.
3.1 Idealization of the structure The processes of damage of models B 1 and B 2 are very similar.
The main features of the damage processes are that the membrane tension of the outer hull in the longitudinal direction and the compressive strength of web plates, which supported the outer hull, determined the strength of the models.
In view of the above results, the following conditions are assumed in the analysis :
( 1 ) The rigid-plastic deformation is assumed, that is, the elastic deformation is ignored.
( 2 ) Bilge shell, bottom shell, side shell, side girders, and side stringers are treated as membranes which carry membrane tension in the longitudinal direction.
( 3 ) Web plates support the above mentioned membranes, and they do not resist longitudinal displacements.
( 4 ) Post-buckling forces in the bottom shell, the side shell, the side girders and the side stringers just below the loaded part are considered when buckling occurs (see Fig. 18 ). part C) and part C), respectively. The shape of the bilge part is simplified as shown in Fig. 15 , where the names of structural elements are summarized.
The condition (7), which was mentioned above, has been based on certain considerations as follows :
Web plates are destroyed by the action of membrane tension in the outer hull.
At this time, the bilge shell deforms laterally, and is stretched in the longitudinal direction, while shrinking in the direction normal to that. The destruction of web plate ® develops to the point B and C ; after that, the deformations at the points of B and C stop temporarily until web plates and 0 are destroyed.
The deformations of web plate ® and the bilge shell proceed continuously without significant constraint by the web plates (D and 0. Consequently, the web plates ®, and () deforms almost independently, which justifies the condition (7). If the damage develops gradually from the loaded point and if web plate ® is destroyed before the destruction of 0 and C), the condition (7) is available.
Next, we assume the shape of deformation as shown in Fig. 16 (a) , which shows the deformation of the part ® after the (n-1) th web from the loaded point have been destroyed.
The i-th region is the one between the (i-1) th web and the i-th web in Fig. 16 . The deformed part of the i-th region is shown as the shaded area in Fig. 16(a) .
A similar shape of deformation is assumed in parts ® and © ( Fig. 16(b) .
It should be noted that the numbers of destroyed web plates are not necessarily the same among parts ®, and C. plate at the points of A, B and C, respectively OA°, am, Oco.-the displacements in the loaded section at the points of A, B and C, respectively Ocr= the distance between point A and the line BC in the loaded section (see Fig. 15 ) (3,,"x= the limit of the indentation length in the present analysis (see Fig. 15 ) L= the web frame space R= the radius of the bilge circle r=ayt. (cry=yield stress, t =plate thickness) The subscr:vs of r distinguish the structural element where it acts as. follows : rBs=r in the bilge shell rms=r in the bottom shell Z.118=r in the side stringer rsc=z-in the side girder C2,4i, C2Bi, Qat=--the vertical membrane forces in the i-th region acting on the web plates ®, ® and (D (see Fig. 19 ) SAL, S Bi, Sci=the horizontal membrane forces in the i-th region acting on the web plates ®, 8 and © (see Fig. 19 ) GB, Gc=the reaction forces of the girders just below the loading point after the buckling occured (=GB(Oo), G(oo)) These relationships are illustrated in Fig. 17 . According to the condition (7) in the section 3. 1, the web plates A, and C are buckled by the forces Q Ai, Q Bi and Qci, respectively.
3. 2. 3 The post-buckling strength of the bottom shell and side girder, the side shell and side stringer The rigid bow-indenter meets the bottom shell and side girder, the side shell and side stringer when the indentation length reaches 3, These structural elements are not deformed at this point and they react to the indenter with their postbuckling strength.
They are idealized into rectangular plates between webs, and a concentrated load acts on the middle of an edge of the rectangular plates, as shown in Fig. 18 . Their reaction forces are used to form the equilibrium equations of parts 8 and C. The post-buckling forces of parts ® and C are assumed to be expressed by only the indentation length, (3 Bo and Oco, as follows : 
2. 4
The equations of equilibrium The equations of equilibrium at the loaded point and on the web frames are given by Eqs. (5)- (7) (see Fig. 19 ). where 4SA, 4SB and ilSc are introduced to maintain the continuity of horizontal membrane forces. They correspond to the membrane forces in the longitudinal direction in the undeformed parts.
The n-th web plate in part ®, the l-th web plate in part ®, and the m-th web plate in part © are not buckled at this point, so the following equations hold : And the equations for vertical equilibriums are separated from those for horizontal equilibriums, and they give 3 n equations with 3 n-I-1 unknowns excluding SAi through SAT, and 4SA2 through 4SAn. Similarly, the relationships between PB and 0BO, and between Pa and aco are obtained.
The relation between the total load P and the indentation length I! 30 is given by summing the loads and the indentation lengths for the parts ®, ® and ©, as follows : 
Eq. (10) holds just before the n-th web is buckled. Then, Fig. 20(b) was calculated by applying the limit analysis method, where an effective breadth of the bilge shell was taken into account according to the ref. 5) . The values of WA were estimated 6, 400 kg in the model B 1, 9, 700 kg in B 2.
The values of WA are also estimated from the destruction characteristic noted in Eq. (12) and the load-penetration relationship in the experiment. From Figs. 6 and 10, the two web plates adjacent to the loaded line buckled at a load of 13 ton in the case of B 1, and at a load of 21. 7 ton in the case of B 2. Therefore, each one web must have buckled at 6. 5 ton and 10. 8 ton, respectively.
In the section 4, we used these values. Then, we calculated the values of WB and We as follows.
In the case of the web plate ®, for example, the problem is basically to get the ultimate strength of the stiffened panel as shown in Fig. 21(a) in both B1 and B 2. We substituted the three simplified conditions as shown in Fig. 21 (b), (c), (d) for (a), and we assumed the ultimate strength of (a) is given as the lowest value of the load in the bow loading direction among these three types.
The ultimate strength of (b), (d) was calculated by the refs. 2), 3). On the other hand, the value of (c) was obtained by summing up the collapse loads of each truss member whose effective sectional area was calculated by applying the ref. 5). In the case of the web plate ©, the same method was used.
Finally, the values of GB, Gc were calculated as follows.
GB, Gc are the loads when both the bottom shell and the side girder, both the horizontal stringer and the side shell collapse, respectively (see Fig. 18 ). They are considered as panels which are simply supported at all edges and are subject cases.
In the model B 1, cracks appeared in the parts seemed to be caused by a welding defect. In the model B2, a crack appeared in the part ®. All these cracks except one crack in part ® in the model B1 started from locations which were subject to local strain.
These two types of cracks are due to the manner of destruction and the shape at the support point of the membrane.
As Fig. 22 shows, the web plates of part ® in the model B1 were crushed uniformly. The web plates of part ® in the model B 2 were not crushed uniformly. Some parts of them remained undestroyed and supported the bilge shell at their sharp points because there were stiffeners and a hole in the web plates. The web plates of parts refer to such point as the "hard point".
In the former paper, we separated the membrane rupture condition into (i) in the case where a membrane ruptures at the stem or bulb tip, and (ii) in the case where a membrane ruptures by uniform tension according to the ref. 6) . In this paper, we added (iii) another condition in the case where a membrane ruptures at a hard point. The total membrane rupture condition is shown in Eq. (13).
The conditions (i), (ii) mentioned above are quite the same as in the former paper, which are given as in Eqs. (13-1) (13-3) .
On the other hand, we considered the condition in the case of (iii) as follows.
In the past, there have been several papers in which this type of membrane rupture was treated through the total strain value of local bending strain and uniform tension strain.
For example, in the ref. 7), square plates which were fully clumped at all edges were penetrated at their center by a rigid body whose tip had a semi-sphere shape, and the maximum strain value which was the sum of the bending and tension strain was observed to be O. 338 when cracks appeared.
In the ref. 8), ship side models which had two or three decks were indented by a wedge shaped rigid body whose tip was round, and the maximum strain value was O. 9 su (su is the strain when the maximum load is reached in a tensile test), when the side shell ruptured.
In the ref. 9), the same kind of experiments as in the ref. 8) were carried out, and the value was O. 3. In many other papers, the same way of thinking as mentioned above was adopted.
Generally speaking, it seems that the membrane rupture conditions were determined in each paper by the way in which they correlated with the experiments.
Therefore, a unified treatment or theory does not exist yet.
When we compare the situation of the part ® now under discussion, with the experiments which were carried out in those references as to how the membrane ruptured, the main difference is as follows : The crack initiation and the membrane rupture happened at almost the same time in the latter, while they happened in a fairly large time-difference in the former. This difference was caused by the destruction characteristic of the bilge structure.
On the basis of the consideration mentioned above, we determined the membrane rupture condition at a hard point as follows.
The initiation of a crack at a hard point is estimated by the value of the maximum strain which is the sum of local bending and uniform tension strains. However, the local bending strain is ignored because it is difficult to calculate.
For its compensation, taking the time difference of the crack initiation and the membrane rupture into account. the value of the uniform tension strain at the membrane rupture was given (7/5) su, as in Eq.
(13-4), which is larger than the value obtained for when a membrane ruptures due to only the uniform tension.
(1) the membrane ruptures at the contact point with the stem top (This condition is available for r/t<5/2 cu). where si=the maximum principal strain at the contact point r=the radius of curvature of the stem top in the direction of E1 t=the thickness of side shell plating su=the strain when the maximum load is reached in a tensile test (2) i ) the membrane rupture in the side shell is caused by uniform extention ( a) When the deformation is limited to within an area of one web frame space by one girder space, the condition is expressed as follows (Fig. 23 (a)) : where s=the maximum of s© and eg, where a© and so, are the maximum principal strains in the areas shown in Fig. 23 (a) ( b) When the deformation stretches over more than two web frame or girder spaces, the condition is expressed as follows (Fig. 23 (b) ) : -
where s =the maximum of s© and sg, where e© and sg are the maximum principal strains averaged over the areas shown in Fig. 23 (b Table 2 ). The membrane is assumed to rupture as soon as one of the conditions in Eqs. (13-1)-(13-4) is satisfied, and its tension vanishes.
Therefore, only webs, girders and stringers act against the indentation of a bow after the rupture happens. Here, the deformation difference between the beginning the rupture and after the rupture is assumed to be negligible.
So far, we treated the parts ®, C) and © independently, but such treatment is not valid for the phenomenon of membrane rupture. In the model B 2, for example, the crack which appeared in the part ® propagated into the parts and C, while there were no original cracks in them.
Such phenomenon is not taken into account unless we examine a crack propagation mechanism, but it is not easy. So, for the present, as far as the parts B and (D are concerned, the membrane is assumed to rupture as soon as the membrane of the part ® ruptures.
On the other hand, the buckling resistances GB and G, are assumed to keep the value of the initial buckling loads to conpensate for the effect of the membranes. ( 1 ) Both calculation C) and ® show a good correlation with the test results, especially calculation ®. They express the deformation caracteristics of the load and penetration relationship well, due to webs buckling until the rupture of the bilge shell.
( 2 ) The assumption of the membrane rupture conditions is reasonable.
( 3 ) The calculation method presented in chapter 3 underestimates the load after the rupture of the bilge shell.
The absorbed energy and penetration curves are shown in Figs. 27 and 28. According to these figures, the difference between the calculations and the tests become a little greater after the rupture.. The accuracy, however, seems satisfactory.
From the results mentioned above, it is considered that the analysis method presented in this paper is useful both in calculating the load-penetration relationship and in examining other characteristics of the damage done to a bilge structure in collision.
As far as these calculations are concerned, calculation ® is recommended.
This recommendation is opposite to the one in the case of a double hulled side structure examined in the ref. 1).
Conclusions
Static destruction tests were carried out using simplified and detailed large scale models of a bilge structure representative of those used in double hulled ships.
Next, an analytical investigation was. done using the experimental results.
The main conclusions are as follows ( 1 ) A bilge structure can be modelled into two main parts in the case of a minor collision ; one is the bilge shell which acts as plastic mem- branes and reacts to the forces in the longitudinal direction only ; the other is web plates which may be regarded as buckling members which support the bilge shell.
( 2 ) Parts of bilge web, on the margin of the opening or at the end of a stiffener, form cusps and they promote the rupture of the outer hull.
( 3 ) The inner hull scarcely deforms during the damage process until that moment when it is actually struck by the bow. 
